Organic fresh produce sales have been increasing in recent years and ensuring safety of produce is important. We investigated the combined antimicrobial effects of plant essential oils and olive extract against Salmonella on organic leafy greens. Organic baby spinach, mature spinach, romaine lettuce, and iceberg lettuce were inoculated with antibiotic-resistant Salmonella Newport and dip-treated in phosphate buffered saline, 3.0% hydrogen peroxide, 0.1% cinnamon leaf oil and 3.0% olive extract or 0.1% oregano oil and 3.0% olive extract combination treatments. Leaves were sampled on days 0, 1, and 3 for enumeration of survivors. Treatment with both antimicrobials induced reductions in Salmonella population of up to 3.5-4 logs, 3-logs and 3-4.4 logs CFU/g on baby spinach, mature spinach and romaine lettuce, respectively. Cinnamon leaf oil and olive extract treatment yielded about 3.0 logs, while oregano oil and olive extract treatment yielded about 3.5 logs CFU/g reduction on iceberg lettuce. Compared to previously reported treatments with individual antimicrobials, the combination treatments had greater antimicrobial effect. The results showed that combination treatments involving essential oils and olive extract are a potential option for use in the wash water for organic leafy greens.
INTRODUCTION

Nontyphoidal
Salmonella species are associated with foodborne illnesses, causing approximately 11% of domestically acquired cases, 35% of hospitalizations, and 28% of deaths (CDC 2011) .
Salmonella serotypes isolated from human infections include Typhimurium, Enteritidis, and Newport.
S. Newport has become increasingly frequent since 1995 (CDC 2013). In 2010, S. Newport was attributed to a massive, multistate outbreak associated with raw alfalfa sprouts which led to product recalls (CDC 2010). S. Typhimurium and S. Newport caused an outbreak owing to contaminated cantaloupes that resulted in 261 cases and 3 deaths in 2012 (CDC 2012).
Between 1988 and 2007, nearly 40% of foodborne outbreaks resulting from contaminated produce consumption were caused by Salmonella species (Greig and Ravel 2009 ). The risk of pathogen transmission from contaminated produce is greater because most produce is consumed raw with very little processing or terminal treatment. Safety considerations become even more important because of the increased demand by consumers for organic produce (Williams and Hammitt 2001 ). An increase in demand suggests the possibility of increased consumption of organic produce, which might increase the risk due to bacterial contamination of raw organic produce. Organic food sales in the United States are estimated to be $27 billion in 2012, with fresh produce as the top-selling organic category (Osteen et al. 2012) . To qualify as organic, fruits and vegetables must be grown and harvested on farms that have not used synthetic pesticides, herbicides, and/or fertilizer (Forman and Silverstein 2012) . Foodborne outbreaks associated with Salmonella, an increase in organic consumption, and the shortage of effective treatment options in the organic industry make controlling the spread of Salmonella on organic fresh produce a challenging problem.
Essential oils and extracts derived from plants have been useful as antimicrobial agents to reduce pathogens on contaminated produce (Du et al. 2009 ).
Studies using carvacrol, the major component of oregano oil, have shown that it has antimicrobial activity against Gram positive and Gram negative bacteria (Friedman et al. 2002; Veldhuizen et al. 2007 ). Moore-Neibel et al. (2013) found that oregano oil was effective against S. Newport on organic leafy greens and Ravishankar et al. (2010) found that cinnamaldehyde, the antimicrobial component in cinnamon leaf oil, and carvacrol, inactivated Salmonella serovars in vitro and S. Newport on celery and oysters.
In the processing of fresh produce from harvesting to consumption, few treatments with natural antimicrobials are available for organic produce to prevent the spread of foodborne pathogens. Essential oils and plant extracts have been evaluated for their antimicrobial properties in order to provide an alternative treatment option for reducing the number of pathogens on fresh fruits and vegetables. The present study compares the antimicrobial efficacy of cinnamon and oregano essential oils in combination with a commercial olive extract against antibiotic-resistant Salmonella Newport on organic leafy greens. Because the combination of oregano with thyme at a lower concentration was reported to be more effective than the essential oils used separately at higher concentrations (Gutierrez et al. 2008) , and the MIC value reported for the individual phenolic compounds was reduced up to 75% when applied as binary combinations (Gutierrez-Fernandez et al. 2013) , it was of interest to find out whether the combinations evaluated in the present study would show similar beneficial antimicrobial effects.
Oregano oil, olive extract, and cinnamon leaf oil are all Generally Recognized as Safe (GRAS) for human consumption as approved by the USDA -National Organic Program and can be used as organic antimicrobials (Periago and Moezelaar 2001; Tzortzakis 2009; USDA-NOP 2011). The objective of this study was therefore, to assess the effectiveness of cinnamon leaf oil and olive extract as well as oregano oil and olive extract combinations as a wash treatment against S. Newport on organic leafy greens. Dickinson) for all of the experiments, which was confirmed by plating.
MATERIALS AND METHODS Bacterial Culture and Media
Antimicrobials and Food Products
The cinnamon essential oil (100% pure cinnamon leaf oil) was obtained from Olive Nation (Charleston, MA, USA). The oregano essential oil, from pure Origanum vulgare, was obtained from Lhasa Karnak Company (Berkeley, CA, USA). Commercial Hidrox™-12 olive extract powder (consisting of 12% olive phenolics), prepared by freeze-drying the juice of organic California-grown olives was a gift of the manufacturer (CreAgri Inc., Hayward, CA, USA). Hydrogen peroxide (3%) was purchased from the local grocery store and used as control.
Dip solutions of 0.1% cinnamon leaf oil and 3.0% olive extract combination and 0.1% oregano oil and 3.0% olive extract combination were prepared in sterile phosphate buffered saline (PBS, pH 7) and thoroughly mixed using a stomacher (Seward, London, UK) at normal speed (230 paddle speed/min) for 30 seconds prior to use. Organic leafy greens, including baby spinach, mature spinach, romaine lettuce, and iceberg lettuce, were purchased from a local organic grocery store on the morning of experimental trials.
Antimicrobial Activities of Cinnamon Essential Oil and Olive Extract Combination and Oregano Essential Oil and Olive Extract Combination Against S. Newport on Organic Leafy Greens
All leafy greens were washed with deionized water three times and separated into 10 g samples.
Following this, the samples were placed under UV light (254 nm) in a biohood for 30 minutes to help reduce existing background microflora.
The samples were then dip inoculated for 2 min in the BPW solution containing 6 log CFU/ml of S. Newport, and dried for 30 minutes in the biohood for bacterial attachment to the leafy greens. Samples were then washed in one of the following: a) cinnamon leaf oil (0.1% vol./vol.) and olive extract (3% wt./vol.) combination treatment, b) oregano oil (0.1% vol./vol.) and olive extract (3% wt./vol.) combination treatment, c) PBS, or d) hydrogen peroxide (3%) solution for 2 min with gentle agitation. The samples were placed in stomacher bags and refrigerated at 4°C.
Sampling was performed on days 0, 1, and 3. Ninety ml of BPW was placed in the stomacher bags containing 10 g samples. Samples were mixed using a stomacher for 1 min, serially diluted, and plated on xylose lysine desoxycholate agar (XLD, Difco, Becton Dickinson). Enumeration of S. Newport was performed after 24 h incubation at 37°C. Each experiment was repeated three times for each leafy green.
Statistical analysis
A randomized complete block design with three replicates per treatment was used. Colony counts recorded at each sampling time were converted to log CFU/g. Data were analyzed by two-way analysis of variance using Proc Mixed (SAS 9.3, SAS institute, Cary, NC) for interaction effects of treatment and sampling period. Means were compared with Sidak adjusted P values (< 0.05).
RESULTS
Reductions of S. Newport on Samples Treated with the Cinnamon Essential Oil and Olive Extract Combination
The Salmonella population in inoculated untreated control (positive control) samples of baby spinach, mature spinach, and iceberg lettuce remained at about 5.0 log CFU/g throughout days 0, 1, and 3 of storage. Salmonella populations in inoculated untreated control samples of romaine lettuce were initially 4.75 log CFU/g and decreased to 3.5 log CFU/g by day 3.
Salmonella on baby spinach leaves (Figure 1 A) exhibited a significant 1.92 log CFU/g reduction when exposed to 0.1% cinnamon leaf oil and 3.0% olive extract combination treatment on day 0 (P<0.05) when compared to the inoculated untreated control. By days 1 and 3, there was a significant 3.0 to 3.5 log CFU/g reduction in Salmonella population after treatment with 0.1% cinnamon leaf oil and 3 % olive extract combinations (P<0.05). The Salmonella population on leaves treated with the PBS control consistently remained at about 4.5 log CFU/g on days 0, 1, and 3. Baby spinach exposed to the hydrogen peroxide treatment showed about 1.5 log CFU/g reduction in Salmonella population on day 0 (P<0.05), which remained consistent on days 1 and 3. Mature spinach leaves (Figure 1  B) treated with 0.1% cinnamon leaf oil and 3.0% olive extract had a significant 2.91 log CFU/g reduction in Salmonella population on day 0, which remained consistent up to day 3 when compared to the inoculated untreated control (P<0.05). Salmonella on leaves exposed to the PBS control remained at about 4 to 5 log CFU/g on days 0, 1, and 3. The hydrogen peroxide treatment showed about 1.5 to 2.0 log CFU/g reductions in Salmonella population on days 0, 1, and 3. For romaine lettuce leaves (Figure 2 A) , there was a significant initial reduction of 2.31 log CFU/g in Salmonella population which further reduced by days 1 and 3, when exposed to the 0.1% cinnamon leaf oil and 3.0% olive extract combination treatment compared to the inoculated untreated control (P<0.05). Salmonella was reduced by about 0.5 log CFU/g in PBS control and 2.0 log CFU/g with hydrogen peroxide and remained unchanged on days 0, 1, and 3.
On iceberg lettuce leaves (Figure 2 B) , there was a significant 2.75 to 3.06 log CFU/g reduction in Salmonella population on days 0, 1, and 3 after treatment with the 0.1% cinnamon leaf oil and 3.0% olive extract combination (P<0.05).
The reductions in Salmonella on leaves treated with the PBS control and hydrogen peroxide were about 0.5 and 2.0 log CFU/g, respectively. No further reduction was observed during subsequent storage for 3 days. A 
Reductions of S. Newport on Samples Treated with the Oregano Essential Oil and Olive Extract Combination
The Salmonella population in inoculated untreated control samples of baby spinach, mature spinach, and iceberg lettuce remained at about 5.0 log CFU/g throughout days 0,1,and 3. For romaine lettuce, Salmonella population in the inoculated untreated control was about 4.5 to 5.0 log CFU/g throughout the 3 days of storage.
For baby spinach leaves (Figure 3 A) , there was an initial significant reduction of 2.35 log CFU/g in Salmonella population when exposed to the 0.1% oregano oil and 3.0% olive extract combination treatment in comparison to the inoculated untreated control (P<0.05). Salmonella was further reduced by 3.49 log CFU/g (P<0.05) and 4.17 log CFU/g (P<0.05) on days 1 and 3, respectively. Baby spinach leaves treated with the PBS control had about 0.5 log CFU/g reduction on days 0, 1, and 3. The hydrogen peroxide treatment yielded about 1.5-2.0 log CFU/g reduction.
On mature spinach leaves, a 2.21 log CFU/g reduction in Salmonella population (P<0.05) was observed when exposed to 0.1% oregano oil and 3.0% olive extract combination treatment on day 0 (Figure 3 B) . By days 1 and 3, there was a 3.11 and 2.67 log CFU/g reduction, respectively in Salmonella population (P<0.05). The PBS control yielded almost no reduction on day 0, and about a 0.5 log CFU/g reduction in Salmonella population by day 3. Mature spinach exposed to the hydrogen peroxide treatment showed about 1.53 log CFU/g reduction on day 0, and 1.99 and 1.58 log CFU/g reductions in Salmonella population on day 1 and day 3, respectively.
On romaine lettuce leaves (Figure 4 A) , there was a 2.89 to 4.36 log CFU/g reduction in Salmonella population on days 0 to 3, after treatment with the 0.1% oregano oil and 3.0% olive extract combination (P<0.05). Leaves treated with the PBS control showed 0.5 to 0.8 log CFU/g reduction in Salmonella population during 3 days of storage. Romaine lettuce treated with the hydrogen peroxide had about 1.92 log CFU/g reduction in Salmonella population by day 3. Iceberg lettuce leaves (Figure 4 B ) exposed to 0.1% oregano oil and 3.0% olive extract had about 2.69 log CFU/g reduction in Salmonella population on day 0 when compared to the inoculated untreated control (P<0.05). There was about a 3.24 to 3.47 log CFU/g reduction on days 1 and 3. The PBS control had a 0.57 log reduction in Salmonella population by day 3. The hydrogen peroxide treatment showed an initial 2.04 log CFU/g reduction in Salmonella population on day 0, which decreased slightly by days 1 and 3. 
DISCUSSION
The consumption of fresh fruits and vegetables has increased in the United States over the past two decades (Pollack 2001) . With the increase in produce consumption, there has also been an increase in the number of foodborne illnesses in the United States (Sivapalasingam et al. 2004) . Documented foodborne outbreaks are associated with the contamination of fresh produce, which may occur in the field, during initial processing, or during food preparation in the kitchen (Lynch et al. 2009 ). The high risk of foodborne contamination during the farm to fork continuum makes the understanding of growth and survival of such pathogens extremely important. We believe that the reason why the combination of essential oils and the olive extract were expected to show increased activity is because they act by different mechanisms; the oils disrupt cell membranes and the phenolic compounds in the olive extract probably act mainly by antioxidative effects.
Effectiveness of Combination Treatments
Both the cinnamon leaf oil and olive extract combination and oregano oil and olive extract combination treatments used in this study were effective in reducing a single strain of antibiotic-resistant S. Newport on all leafy greens.
The combination treatments were more effective when compared to cinnamon leaf oil, oregano oil, and olive extract used individually described in our previous studies. Cinnamon leaf oil at 0.1%, oregano oil at 0.1%, and olive extract at 3% resulted in less than 1.0 log, about 1 log and 2.3 log CFU/g reduction, respectively, when compared to the PBS control for organic leafy greens after 3 days of storage (Todd et With the 0.1% cinnamon leaf oil and 3.0% olive extract combination used in the present study, there was an initial 1.9 -2.9 log CFU/g reduction on all leafy greens, which increased to 2.9 -3.9 log CFU/g by day 3. In the present study, a 2.2 -2.8 log CFU/g reduction was seen on day 0 for the oregano oil and olive extract combination which increased to about 4.0 log CFU/g after 3 days of treatment.
Although higher concentrations of cinnamon leaf oil (0.3% or higher), oregano oil (0.3% or higher), and olive extract (5%) yielded ≥3 logs reduction of S. Newport (Todd et al. 2013 ; Moore-Neibel et al. 2013; Moore et al. 2011) , the present study demonstrates the use of lower concentrations of essential oils (0.1%) and plant extracts (3%) to obtain significant reductions similar to those found previously.
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Using lower concentrations of plant antimicrobials may be better for maintaining the sensory properties of the treated leafy greens, an aspect that needs to be further tested.
Combination Treatments and Storage Time Dependence
The application of both combination treatments demonstrated a reduction of S. Newport in all leafy greens during storage. Lettuce inoculated with different S. Baildon initial inoculum levels was sampled on days 0, 2, 5, and 8 after storage at 4°C, and the pathogen was recovered for up to 12 days regardless of inoculum levels (Weissinger et al. 2000) . In the present study, storage time at 4°C did not significantly change the population of Salmonella for baby spinach, mature spinach, and iceberg lettuce which remained at about 5 log CFU/g throughout the 3 days of storage for the control. Romaine lettuce had, however, a slight decrease in Salmonella population after 3 days of storage. The reduction was the greatest for romaine lettuce for both combination treatments after 3 days of storage at 4°C.
The population of S. Newport in the inoculated untreated control remained consistent over the 3 day storage. The PBS control showed no further reduction, whereas the combination treatments showed further reductions during storage from day 0 to day 3. Therefore, the antimicrobial activity of the combination treatments continued throughout storage. These results are consistent with those from the previous studies involving cinnamon leaf oil, oregano oil, and olive extract ( 
Industrial Applications of Plant Antimicrobials
An estimated 3000 essential oils are known, of which only about 10% are important for the flavors and fragrances market (van de Braak and Leijten 1994). The recent trend in "green" consumerism has led to an interest in the antimicrobial properties of these substances (de Silva 1996; Nychas 1995) . Although many of these essential oils are classified as GRAS (Kabara 1991) , their use is limited due to sensory considerations, because effective minimum inhibitory concentrations (MIC) of essential oils exceed organoleptically acceptable levels (Lambert et al. 2001 ).
In the organic food industry, hydrogen peroxide is commonly used as a sanitizer (Moore et al. 2011) .
The present study demonstrates that the inactivation of S. Newport by hydrogen peroxide is not storage time dependent, while the combination treatments yielded an immediate reduction that increased over time. Thus, using hydrogen peroxide as a sanitizer may not be optimal for application to organic leafy greens in comparison to plant antimicrobials.
Currently, there are many advantages for the use of plant antimicrobials. Essential oils and plant extracts can extend the shelf-life of unprocessed and processed foods by reducing microbial growth rate, and can contribute to the self-defense of plants against infectious organisms (Beuchat and Golden 1989; Deans and Ritchie 1987; Kim et al. 2001) . Antifungal activity has been found in cinnamon leaf oil that prevents the hyphal growth and reduces the spore production of Colletotrichum coccodes, Cladosporium herbarum, Aspergillus niger, Botrytis cinerea, and Rhizopus stolonifer (Tzortzakis 2009 ). Essential oils and spices are already utilized as flavor enhancers, and cinnamon is already being added to milk in Latin America and Spain (Cava et al. 2007 
CONCLUSIONS
The combination treatments evaluated in this study were more effective when compared to the previously investigated individual treatments. A maximum of 3.0-4.4 log CFU/g reductions were observed on the four types of organic leafy greens.
Utilizing two plant antimicrobials at lower concentrations could help maintain acceptable sensory attributes of leafy greens, an aspect that merits further investigation. Although the combination treatments demonstrated strong antimicrobial properties, further studies on different types of foods against a broad spectrum of foodborne pathogens should be conducted to support the generality of our findings. In addition, sensory analyses of leafy greens treated with lower concentrations of antimicrobial combinations will aid in their potential applications in the produce industry.
